INTRODUCTION
It has been known for several decades that GMP and guanine polymers form viscous gels in aqueous solutions (2) . G-quartets were postulated to be the building blocks of four stranded assemblies or G-quadruplexes. However, these structures were mostly viewed with curiosity, as there was no evident application, nor was their biological relevance known at that time. More recently, interest for G-quadruplex structures has increased due to the role of G-rich DNA in telomere sequences and gene promoter regions (3) (4) (5) (6) (7) (8) (9) (10) . G-quadruplex formation has been associated with human diseases (e.g. cancer, HIV or diabetes) (4, (11) (12) (13) (14) (15) and the sequences that form these structures are now considered therapeutic targets (16) (17) (18) .
G-quartets are assembled from four coplanary arranged guanine bases that are held together by Hoogsteen hydrogen bonds (2) (3) (4) (19) (20) (21) (22) . In the center of each G-quartet are four closely spaced carbonyl groups whose electrostatic repulsions are reduced by the coordination of cations (23) . G-quadruplexes are formed by the stacking of two or more G-quartets. The strand stoichiometry of a G-quadruplex is primarily determined by the number of G-rich repeats in the quadruplex-forming sequence. Short oligonucleotides with a single G-rich segment usually form parallel, tetramolecular G-quadruplexes. In such structures, the glycosidic bonds of all guanines are in the anti conformation. Longer oligonucleotides with two or more G-rich segments can form bi-or unimolecular G-quadruplex structures (1, (24) (25) (26) (27) . For unimolecular quadruplexes, the four G-rich segments of a DNA strand can still align in a parallel fashion, if the intervening bases form loops with a double-chain reversal conformation. Alternatively, the G-rich segments of bi-and unimolecular G-quadruplexes can align themselves in an anti-parallel fashion and form the so-called 'fold-back' quadruplexes. In these structures, guanine glycosidic bonds alternate between syn and anti conformations around a G-quartet and along an oligonucleotide strand. In fold-back G-quadruplexes, the loops connecting G-rich segments run diagonally across the face or along the edges of the outer G-quartets.
G-quadruplexes are typically stabilized by monovalent cations, but some divalent cations are also known to stabilize G-quadruplex structures (28) (29) (30) (31) . Not surprisingly, various cations stabilize G-quadruplexes differently (23, 32) . The presence of different cations can lead to conformational plurality (33, 34) . Our recent studies have suggested that the G-quadruplex topologies and 3D structures of some G-rich oligonucleotides with two G-rich repeats are more susceptible to the presence of *To whom correspondence should be addressed. Tel: þ1-386 1-47-60-353; Fax: þ386 1-47-60-300; Email: janez.plavec@ki.si different cations than others (35) (36) (37) (38) (39) . Oligonucleotide with four human telomeric repeats, d(T 2 AG 3 ), forms a unimolecular G-quadruplex with diagonal-and edge-type loops in the presence of Na þ ions (40) , whereas completely different structure with four parallel G-rich strands has been determined by X-ray crystallography in the presence of K þ ions (41) . A mixture of parallel-anti-parallel strands has also been observed for sequences containing d(T 2 AG 3 ) repeats in solution (42) (43) (44) (45) . K þ and Na þ are biologically important cations, as they are present in and around living cells at the highest concentrations. Na þ , a relatively small cation can be coordinated in the plane of a G-quartet, while larger cations (e.g. K þ , NH þ 4 ) have to be coordinated between two adjacent G-quartets (3, (46) (47) (48) (49) . At present, there are limited detailed studies of the binding and dynamic properties of cations within G-quadruplex structures. The use of heteronuclear (metal ion) NMR to directly monitor Na þ , Tl þ , K þ and Rb þ cations has confirmed the direct coordination of these cations inside G-quadruplex structures (50) (51) (52) (53) (54) (55) (56) (57) (58) (59) . The introduction of 15 NH þ 4 ions as a probe for cation localization within G-quadruplex structures has opened a whole range of new opportunities for studies with NMR (49, (60) (61) (62) .
In the current study, we have focused on d[G 4 (T 4 G 4 ) 3 ], which consists of 3.5 units of the telomeric repeat sequence d(G 4 T 4 ) n of the protozoan Oxytricha nova. The unimolecular G-quadruplex adopted by this oligonucleotide in solution with Na þ ions consists of four G-quartets with alternating parallel and anti-parallel strands ( Figure 1) (1). The conformation of guanine nucleosides along the strands alternates between syn and anti. One of the T 4 loops spans diagonally across the outer G-quartet, while the two T 4 loops on the other side of the G-quadruplex core run along the opposite edges of the outer G-quartet. d [G 4 
MATERIALS AND METHODS

Sample preparation
The oligonucleotide d [G 4 NMR spectroscopy NMR data were collected on a Varian Unity Inova 600 MHz NMR spectrometer. Standard 1D 1 H spectra were acquired with 16 k complex points, a spectral width of 10 kHz and 128 scans using WATERGATE solvent suppression. 2D NOESY spectra were acquired at mixing times of 80 and 300 ms with 4 k complex points in F2 and 320 increments in F1 dimensions, 16 scans for each increment and spectral width of 10 kHz in both dimensions at 298 K. Twenty different gradient strengths (0.53-20.55 G/cm) were used in diffusion experiments (BPPSTE) with 16 k complex points, a spectral width of 10 kHz, 64 scans and WATERGATE solvent suppression at 298 K. 15 N-1 H HSQC spectra were acquired at 293 K with 1024 complex points in the F2 dimension and 256 increments in the F1 dimension, 16 scans for each increment and a spectral width of 4 kHz in F2 and 1 kHz in F1. 15 N-1 H NzExHSQC spectra were acquired with 1024 complex points in the F2 and 256 increments in the F1 dimensions, 16 scans for each increment and a spectral width of 4 kHz in F2 and 1 kHz in F1. Cross-peaks in this experiment appear due to the movement of 15 (Figure 2A and B) . The chemical shifts of 16 imino protons were different from those reported for the same oligonucleotide in the presence of Na þ ions (1). This is not surprising because the different ionic radii of the two cations can induce differences in the local structure of the G-quadruplex, which lead to different shielding of imino protons by the nearby aromatic ring currents. In addition, 15 ions and their localization sites were confirmed by 2D NOESY data. The outer binding site designated as O 1 was assigned to the intra-quadruplex binding site near the outer G-quartet that is spanned by the diagonal T 4 loop. The outer binding site designated as O 2 was assigned to site composed of the outer G-quartet spanned by the two lateral loops (vide infra). It has been previously suggested that cations may reside between the outer G-quartets and T 4 loops with greater residence times than delocalized cations. Our NMR data does not offer support for 15 NH þ 4 ions residing at loop-binding sites, or at least not cations with relatively long (e.g. millisecond) resonance times, as we only observe a single NMR resonance corresponding to bulk ions.
It is noteworthy that volume integrals of these three cross-peaks in HSQC spectrum are not the same. Figure 3) . A comparison of the O 1 I and O 2 I cross-peaks reveals that more ions move to the inner binding site from the site O 1 than from O 2 .
The cross-peaks corresponding to exchange from the interior of the G-quadruplex into bulk solution were also observed ( Figure 3) 
where k represents exchange rate constant. According to Equation (1), the volume of cross-peak corresponding to movement of 15 NH þ 4 ions to binding site 2 increases as a function of mixing time ( m ). Exchange cross-peaks also decrease in intensity due to spin relaxation (T 1 ).
These two factors contribute to cross-peak volume and can be expressed by Equation (2) .
Iterative least-square fitting of experimental O 1 I and O 2 I cross-peak volumes by optimizing k and T 1 parameters in Equation (2) showed good agreement between experimental data and the simple model for exchange peak intensity (Figure 4) . Exchange rate constants and T 1 relaxation times are reported in Table 1 . The largest individual discrepancy between the experimental data point and the fitted curve was 0.01 normalized volume units with low RMSD. The curve fitting of the data shown in Figure 4 confirmed that cross-peak volumes depend upon specific site-to-site exchange rates and ), which is clearly evident from examination of the experimentally observed cross-peak volumes in Figure 4B . T 1 relaxation also plays a determining role for individual O 1 I and O 2 I cross-peak volumes at a given temperature (Table 1) . Interestingly, T 1 relaxation times are shorter for O 2 I in comparison to O 1 I cross-peak. As expected, (Table 1) . A similar analysis was not possible for the reverse processes (i.e. IO 1 and IO 2 ) due to nearly identical chemical shifts of both cross-peaks in the 1 H dimension of the NzExHSQC spectrum. The intensity of the IO x cross-peak therefore corresponds to the weighted sum of the two contributions. The volume integral of the IO x cross-peak is approximately equal to twice the sum of volumes of O 1 I and O 2 I cross-peaks at a given mixing time. According to Equation (2), the IO x cross-peak is characterized by two individual exchange rate constants and two longitudinal relaxation times for the IO 1 and IO 2 processes. These four variables could not be calculated by fitting the IO x experimental data set. The use of k and T 1 values derived from O 1 I and O 2 I cross-peaks (Table 1) could not reproduce the experimentally observed volumes for IO x cross-peak using Equation (2) . The amount of 15 NH þ 4 ions that move from binding site I to the outer binding sites is under steady-state conditions the same as the amount of ions moving back. However, individual cross-peaks that correspond to specific ion movement within the G-quadruplex are characterized with individual rate constants and T 1 relaxation times that cannot be simply transferred from one to the other. The decrease of volume of a given cross-peak as a function of mixing time is a complex function of T 1 relaxation at the initial and final binding sites as well as many other phenomena (e.g. proton exchange).
Movement of 15 NH
þ 4 ions into bulk solution The intensity of cross-peaks corresponding to 15 NH þ 4 ion movement from G-quadruplex into bulk is reduced due to proton exchange with bulk solvent. At neutral pH, exchange of protons is sufficiently fast that cross-peaks involving bulk ions (B) are broadened to baseline. The same applies for cross-peaks corresponding to the movement of 15 NH þ 4 ions into bulk solution from within the G-quadruplex. We were therefore able to follow the movement of 15 (Table 2) . Observed changes in cross-peak volumes as a function of mixing time are fitted well by Equation (2) (Figure 5 ). The largest individual discrepancy between the experimental data points and the fitted curve was 0.03 normalized volume units, with low RMSD ( Table 2 ).
Quantitative analysis of autocorrelation peaks
The movement of 15 NH þ 4 ions from certain binding site results in exponential decrease of volume for the corresponding autocorrelation peak with increasing mixing time. Simultaneously autocorrelation peak is reduced by various types of relaxation. Attempts to fit our experimental data revealed that exponential function with a single rate constant does not adequately describe the observed decrease in autocorrelation peak volume (V auto ) as a function of mixing time ( m ). However, good agreement with experimental data points was achieved using a biexponential function [Equation (3)],
where f is the fraction of autocorrelation peak decay through the faster relaxation mechanism, d 1 and d 2 are the rate constants of the fast and slow relaxation mechanisms, respectively. The use of Equation (3), where parameters f, d 1 and d 2 were freely optimized resulted in satisfactory agreement between the experimental data and calculated parameters ( Figure 6 ). Reproducible optimized parameter sets were obtained from a wide range of starting parameters. The results of iterative fitting procedure are given in Table 3 . The two rate constants d 1 and d 2 differ considerably for a given binding site and temperature (Table 3 ). The rate constant d 1 is higher and cannot be correlated to the rate(s) of 15 NH þ 4 ion movement. Furthermore, the mechanism of decrease of volume of autocorrelation peak, which is not well understood, involves many terms including cross-correlated relaxation. The slow relaxation mechanism characterized by rate constant d 2 accounts for (Table 3) , which is reflected in the observed increase in the rate constant d 2 . On the other hand, the fast relaxation mechanism characterized by rate constant d 1 does not appear to be significantly influenced by increasing temperature. At the shortest mixing time of 13 ms, however, the autocorrelation peak is already reduced considerably, which renders the d 1 rate constants less precisely defined. The values for individual binding sites at four temperatures are essentially the same, within experimental error. At 313 K, the rate constants d 1 (Table 3 ).
Activation energy
The temperature-dependent k values for the O 1 I and O 2 I processes from Table 1 were used to construct an Arrhenius plot (Figure 7 ). The extracted activation energies for exchange of 15 shortening of residence lifetimes to 1. ) movement. In this way, experimental NMR data on dynamics of cation movement can serve as a probe into (non)flexibility of specific regions of quadruplex structures.
